ABSTRACT: The ability to produce humic-like polymeric compounds, with D-glucose and L-tyrosine as starting materials, was evaluated in different mineral systems: (1) Ca-, A1-and Cu(II)-saturated montmorillonite; (2) Ca-, A1-and Cu(II)-saturated kaolinite; (3) quartz in the presence of two different amounts of the same cations (according to the cation exchange capacity of the clays); and (4) untreated quartz (as control). All systems proved to be effective in the formation of humic-like compounds, particularly quartz, in the presence of cations. The effectiveness in promoting humification reactions was strictly related to the amounts of added cations. In the reaction conditions considered, the humification appears to be due more to the cations than to the type of clay minerals. The clayey systems synthesized more complex (aromatic) substances than the quartz ones.
The term 'melanoidins' is used to describe the dark brown nitrogenous polymers of high molecular weight formed by condensation reactions between the carbonyl groups of reducing sugars or polysaccharides and the amino groups of amino acids, polypeptides or proteins. These substances, frequently formed upon dehydration or during long storage of foods at moderate temperature, are also known as 'browning compounds' or 'Maillard compounds', named after the first scientist to study this phenomenon (Maillard, 1912a (Maillard, , 1912b (Maillard, , 1916 . Maillard also realized that melanoidins, which can arise from the simple compounds produced during decomposition of plant remains, are among the precursors and components of humic substances in soils.
According to Maillard, the reactions involving melanoidins could play a significant role in the formation of the core of hnmic substances in nature. Furthermore, these substances seem to result from purely chemical reactions in which micro-organisms do not play a direct role, except by producing sugars from carbohydrates and amino acids from proteins (Stevenson, 1994a) .
More recent studies, using different techniques, such as FT-IR, ESR, 13C and 15N CP MAS NMR, pyrolysis-mass spectrometry, GC-MS, HPLC (BenzingiPurdie & Ripmeester, 1983; BenzingPurdie et al., 1983; Boon et al., 1984; Rubinsztain et aL, 1984 Rubinsztain et aL, , 1986 Ikan et al., 1986 Ikan et al., , 1990 Ikan et al., , 1992 have revealed the similarity between melanoidins and naturally occurring humic acids found in terrestrial and aquatic environments.
The melanoidin model is especially favourable in aquatic environments. Indeed, in such systems, simple precursors such as sugars and amino acids, (among the most abundant constituents of living organisms), can combine under reducing as well as oxidizing conditions. In continental environments, the catalytic activity of the finest soil fractions, particularly clay minerals, in many chemical reactions is well documented, and some researchers even examined their possible role in the origin of life (Cairns Smith, 1966 , 1974 Friebele et aL, 1980) . In particular, the catalytic activity of smectites for polymerization reactions of aromatic molecules has been studied by many authors (Mortland & Halloran, 1976; Sawhney et al., 1984; Wang et al., 1985; Wang & Huang, 1987; Zubkova, 1989; Wang, 1991) , who suggested a catalytic role for clays. Boyd & Mortland (1985 , Siffert & Naidja (1987) and Naidja & Siffert (1989 ) studied the role of smectites in many biochemical reactions, such as deamination and decarboxylation reactions of organic acids and amino acids, and in the activity of immobilized enzymes.
Drastic changes in environmental conditions, such as alternate freezing and thawing or wetting and drying, can activate these reactions (Stevenson, 1994b) .
At present, however, the influence of different mineral substrates and soil cations on the formation of melanoidins have not been fully elucidated. Hedges (1978) suggested that basic amino acids should condense more readily with sugars at higher pH, increasing the rate of polymer formation. Taguchi & Sampei (1986) synthesized melanoidins from sugars and amino acids, in the presence of clay minerals and calcium carbonate. Their experiments revealed that the melanoidins consist of a mixture of fulvic and humic acids and kerogen type polymers. The formation rate of all these substances was greatest in the presence of montmorillonite.
In previous works, Bosetto et al. (1994 Bosetto et al. ( , 1995 Bosetto et al. ( , 1997 and Arfaioli et al. (1997) showed the positive action of some clays, particularly smectites, homoionized with different cations, in the formation of melanoidin-type humic-like substances, from simple organic compounds. The catalytic role of clays seemed to be strictly related to the clay lattice and to the nature of the saturating cation.
This paper aims to determine: (1) the influence of some homoionic clay minerals in the formation of melanoidin-type substances (Maillard compounds) , starting from a mixture of L-tyrosine and D-glucose; (2) the distribution of the newly-formed compounds, by separating htmfic-like and fulvic-like fractions from the humin-type and non-humified substances; and (3) the role played by clays and cations separately, by performing the experiments on a system with no clay systems (quartz). For this purpose, the experiments were also carried out on: (a) two mixtures of quartz + cations in amount equivalent to the cation exchange capacity (CEC) of the two clays; and (b) untreated quartz.
MATERIALS AND METHODS

Materials
The materials used were D-glucose (Merck), with a purity of 99%; L-tyrosine (Merck), also with a purity of 99%; Montmorillonite (SWy-1 Crook County, Wyoming, USA), in which the negative charge arises from isomorphous substitutions in octahedral and tetrahedral sheets, obtained from the Source Clay Repository of the Clay Minerals Society; and kaolinite, from Zettlitz (Czech Republic).
Adequate amounts of the <2 ~tm fraction of these clays were dispersed in deionized and distilled, boiled water overnight, using a magnetic stirrer. The <2 lain fraction of the clays was collected by sedimentation. This fraction (10-15 g) was homoionized by adding, equilibrating and finally discarding 500 ml of 1 N Me+C1 solutions (where Me + = Ca 2+ or Cu 2+ or AI 3+) three times. The homoionic clays were washed with distilled water until the test for C1-was negative, and were finally air-dried and stored under vacuum at -15~ Pure-white quartz, supplied by Merck (Darmstadt, Germany), was sieved to obtain the <20 gm fraction, digested with HC1, washed rapidly with 0.01 N HF to remove any oxide coating, and oven dried.
The Suwannee River humic and fulvic acid standards were supplied by the International Humic Substances Society (IHSS).
Sample treatment
One gram of L-tyrosine and 1 g of D-glucose (as solids) were added to 10 g of each bomoionic clay. These systems will be referred to as Me+-K, Me +-M, where M and K indicate montmorillonite and kaolinite respectively. The same amounts were used to set up the quartz systems: (1) pure quartz (Q); and (2) quartz plus chlorides of the abovementioned cations (Me+-Qk or Me+-Qm): the amount of added cations was equal to the CEC of kaolinite or montmorillonite and will be indicated using the indexes k and ,,, respectively. Both are clayey and quartz systems underwent several wetting-drying cycles at 70~ for 30 days, to obtain the reaction products in a reasonable amount of time . At the end of the experiments (30 days) a series of analyses was carried out.
Surface area measurements
The surface areas were calculated by adsorption of N 2 gas (B.E.T. adsorption equation) at 77 K, after outgassing the samples for 24 h at 60~ under vacuum. A Sorptomatic 1900 by Fisons | was used for the analyses.
Elemental analysis
To calculate volatilization losses, C and N were determined in powders, at the beginning and at the end of the experiment, by dynamic dry flash combustion (1800~ under O2 flow), using a Carlo Erba | Model NA 1500 Series 2 N/C Autoanalyzer. The N and C contents of the extracted fractions (HA, FA, and TE, see below) were determined by dichromate oxidation (Ciavatta et al., 1991) and by the Kjeldahl method. The nonhumified (NH) and humin-like (HU) fractions were calculated by difference,
Separation of organic fractions
The final mineral-organic complexes (-9-10 g) were extracted under N 2 atmosphere with 1000 ml of 0.1 M Na4P207 at room temperature overnight, and centrifuged at 5000 g for 20 min. The residue was discarded (clay and associated humin) and the supernatant (Total Extract, TE) passed through 0.45 gm Millipore filters; a 20 ml aliquot was acidified at pH = 2 with 0.5 ml of 50% H2SO4 in a centrifuge tube. After a further centrifugation at 5000 g for 20 min, the precipitate (humic-like acids, HA), was collected and dissolved again in 0.5 M NaOH. The supernatant was fed into a small column packed with -6 cm 3 of solid polyvinylpirrolidone (PVP, Aldrich, Germany), as reported by Watanabe & Kuwatsuka (1992) and Ciavatta & Govi (1993) , and washed with 20 ml of 0.01 y HzSO 4. The non-humified fraction (NH) was discarded and the brown-coloured fraction (fulviclike acids, FA) was eluted with 0.5 M NaOH.
Infrared analysis
To perform the spectroscopic analyses (FTIR and UV), adequate amounts of HA and FA alkaline solutions were dialysed (Spectra Por 6 membranes), passed through Amberlite resin IR-120 (H+), lyophilized and stored under vacuum at -30~ until analysed. The HA and FA, thus treated, were dissolved in a few drops of water, and their spectra were recorded (after deposition and evaporation on AgC1 disks) on a Perkin-Elmer | model 1710 spectrophotometer.
UV-visible analysis
The E4/E 6 ratios (Chen et al., 1977) were determined from the HA and FA solutions after dissolution in 0.05 N NaHCO3. The absorbances at 465 and 665 nm were recorded with a UV/VIS spectrophotometer Perkin Elmer | Lambda 3B.
X-ray analysis
Diffraction patterns of pure homoionic clays and organic complexes were obtained in the 3-15 ~ 20 interval using Co-Ks radiations from a Philips | 1710 diffractometer, at room temperature, on samples both air dried and after heating for 18 h at 190~ During the acquisition of the diffraction pattern, the heated samples were kept in dry conditions and protected against rehydration by a Mylar plastic film.
RESULTS AND DISCUSSION
At the end of the experiment, a deep dark colour was observed in all systems. Hedges (1978) , in a study on aqueous systems containing only glucose and various amino acids, found that as the reaction proceeded, the absorbance at 290 nm increased faster at higher pHs; however, in the present case the colours varied from brown to black in the different systems but no pH-related effect was observed. Only an effect of the cation amount could be hypothesized, as the colour was deeper in Me+-M than in Me+-K and in Me+-Qm than in Me+-Qk systems. Table 1 reports the pH values, both in H20 (pHH2o) and in 1 N KC1 (PHKcl) , of the pure mineral species and of the mineral-organic systems at the beginning (to) and at the end of the experiment (30 days). After 30 days the priM2 o value decreased in almost all systems, and so did the pHKcb suggesting that the polymerization produced dissociable groups. The ApH (PHH20 --pHKcl) indicates the potential acidity, i.e. the protons in the exchange complex (mineral and organic colloids). All of the ApH values reported in Table 1 may be due to two phenomena, particularly for the pure clay materials: (1) partial exchange of K + for Cu 2+ and A13+ and their consequent acidic hydrolysis; and (2) direct K + for H + exchange. After 30 days the to global proton exchangeability was either drastically reduced or unchanged in all but the Cu-Q, Ca-M and Q systems. The extent of (1) and (2) in the Cu-Q and Ca-M systems cannot be estimated with any accuracy, while in the Q system the potential acidity (30 days) arose from the formation of acidic groups on new colloidal organics. The surface areas were measured on both the homoionic clays and on the Me+-clay systems after 30 days. No appreciable differences were found. The average values of the complexes were ~37-45 m2/g for Me+-M samples and 30-36 mZ/g tbr Me+-K systems.
The distributions of C and N in humin-like (HU), humic-like (HA), fulvic-like (FA), and not humified (NH) fractions are reported in Fig. 1 and Fig. 2 , respectively.
A higher amount of C volatilized from Me+-Q compared with Me § probably as a consequence of their larger surface areas. The highest losses of C (and N too) took place in the Q system, indicating a retention of both elements by the cations. In their study of clays and amino acids, Naidja & Siffert (1989) 
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Considering the overall amount of humified C (coloured areas), no substantial differences were found between Me+-clays and Me+-Q, except for Cu systems (Fig. 1) . As Me+-M produced more than the Me+-K systems and the Me+-Qm more than the Me+-Qk systems, the humified C seems to be linked more to the amount than to the type of cation in the systems, even if Cu systems systematically produced more substances. Humic acids were lower in Me+-clays than in the Me+-Q systems while the FA were generally greater (Fig. 1) . It is possible that the reaction stops at a simpler stage for clays, and HA cannot accumulate, or the catalytic activity of cations is reduced by the clay structure and the formation of HA requires a longer time. The humic-like compounds like the kerogentype substances, are bound tightly to the mineral phase, (Taguchi & Sampei, 1986) , and can be identified as an HU fraction.
The free cations were more efficient in humifying N, since the coloured area (Fig. 2) was markedly higher in Me+-Q than on clayey systems.
As already noted for C, the humified N was higher in Me+-Qm than in Me+-Qk systems, confirming that the amount of cations is an important factor in the production of humic-like compounds.
Some humification parameters (humification ratio (HR), humification degree (HD) and humification index (HI)) are reported in Table 2 . Only Ca-Qm and Ca-Qk systems showed similar values (e.g. 14.40-13.96) in all the humification parameters, while, in general, greater numbers of cations correspond to greater humification parameters.
Cu-systems showed the largest humification parameters (HR and HD) of the whole set: probably because, as found by Arfaioli et al. (1997) , the complexing power of the Cu ions overcomes all other considered factors. Table 2 also presents the E4/E 6 ratios of FA and HA. Sometimes the absorbance at 665 nm was so low that the ratio was not measurable (nm). Some authors (Chen et al., 1977; Stevenson, 1994c) suggested that this ratio is inversely related to the 'complexity' or aromatic degree of soil organics. According to this interpretation, the HA in our systems appear more complex than the respective FA, whereas the HA and FA from Me+-clay are more complex than those from Me+-Q systems. The HA and FA from the Suwannee River (IHSS standard) had a similar 'complexity' to those from the Me+-Q system (high values of E4/E6). show some common features, i.e. the two bands at -2920-2855 cm 1 (asymmetric and symmetric -CH2-stretching), the band at ~1720-1740 cm 1 (C-O stretching of COOH groups), the 1650 cm -1 band (amide I or quinone), the 1440-1460 cm -1 band (CH2-bending), and that at 1090 cm 1 (ascribed to polysaccharide-like compounds). All HA spectra show a band or at least a shoulder at ~1610 cm -1 (aromatic C-C stretching). The band at 1610 cm -1 is not always evident, due to the presence of hydration water (OH bending at 1630 cm -1) and other interfering bands. Spectra deconvolution (a software procedure that allows us to enhance the exact position of shoulders) yields the band at 1610 cm -1 in all HA spectra and only sometimes in FA spectra. On Me+-Q systems this band is almost always hidden or masked by the band at 1650 cm -1, while it is always evident in HA from Me+-clays. The higher degree of aromaticity (or 'complexity') of HA from clayey systems, as already suggested by E4/E6 ratios, shows that clays are better for synthesizing more complex substances.
Some differences can be found with Suwannee River standards (e spectra in Figs. 3 and 4) . In particular, for Suwannee River samples, the band in the 2900 cm 1 region is wider than those of the new-formed compounds. Moreover, there are two new bands, at 2616 cm -1 (ascribed to the -OH vibration of COOH bonded H) and 1235 cm 1 (assigned to COOH stretching) both absent from the other spectra. The band in the 1090 cm 1 region, characteristic of polysaccharides, is not present in the Suwannee River spectra. Table 3 reports the d001 spacing of Me+-M systems. The data at 190~ (less affected by hydration water) showed a penetration of organics into the interlayer in all samples, but only Cu-M and AI-M form stable associations with organics as they are not changed after water washing. The interlayer of Ca-M seems to be filled with waterremovable compounds.
CONCLUSIONS
From this study of the role played by the type and amount of cations and clay structures, it can be concluded that: (1) all the tested cations (Ca 2+, A13+ and Cu 2+) appear more effective when free (i.e. associated with quartz) than when associated with clays; (2) as observed in previous works Bosetto el" al., 1997) , the nature of the exchangeable cation is important. In particular the transition metal Cu(II) is the most active in producing humified compounds; (3) the amount of humified compounds synthesized after 30 days is proportional to cation amount, both in quartz and in clayey systems; and (4) the clay-systems lead to more complex (aromatic) substances containing less N than those formed on quartz-systems. As such -mineral-organic complexes after 30 days; M = Montmorillonite
